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FLIGHT DEMONSTRATICON OF A NOSE-MOUNTED
ROTATING-SOLTID-PROPEILTIANT ROCKET CONTROL SYSTEM
AND A COMPARTSON WITH ANATOG STUDIES

By Kirby H. Williams and Robert L. James, Jr.
Langley Research Center

SUMMARY

A flight-test investigation of a space~vehicle upper stage employing a
rotating-solid-rocket attitude control system is described. Experimental data
received from an onboard telemetry system are presented and discussed. These
data show that the control system is capable of providing three-axis control
of the space-vehicle upper stage in the flight environment. Postflight analog
computer studies are also presented and compared with the flight data. These
results show good agreement, and thus validate the mathematical representation
of the flight system.

INTRODUCTION

With the advances toward larger and more complex space vehicles there has
grown a need for more versatile and efficient means of controlling them. In
addition to accurate and reliable attitude control, it would be desirable to
have a control system inherently capable of providing such auxiliary services
as velocity control, retro-thrust, and spin-up. From a reliability standpoint
as well as generality of application, it would be desirable to have a control
system that can be developed independently of the main vehicle system. None
of the methods presently in use is capable of providing all of these functions,
and most of them engender significant performance degradation because of dead-
weight and excessive actuation power requirements. The most widely used con-
trol systems at present include Jjet vanes, jetavators, swivel nozzles, second-
ary injection, and reaction Jjets. Except for reaction Jjets, each of these sys-
tems must be integrated with the propulsion system.

As part of the continuing research in the field of aerospace controls by
NASA, an investigation was conducted to study the control characteristics of a
system possessing all of these attributes. The particular model under investi-
gation was designed and developed under NASA contract (see ref. 1) for the
George C. Marshall Space Flight Center and was integrated into a research vehi-
cle and flight tested by the Langley Research Center. The control system con-
sists of four small solid rockets arranged in a quadrate around the vehicle nose.
Control moments are produced by rotation of the rockets about axes perpendicular



to the vehicle center line. The purpose of this report is to present the
results of a flight demonstration of this control concept as applied to a space-
vehicle upper stage and to provide a comparison with postflight analog-computer
analyses to confirm the validity of machine simulation.

A previous demonstration of the control concept utilizing a dynamic test
stand was conducted on the ground. Results of this demonstration may be found
in reference 2. Detailed analyses of control-system nonlinear characteristics,
determination of gains required for satisfactory control, events sequencing,
etc., were made by using analog-computer facilities and are described in
reference 3.

SYMBOLS

Measurements for this investigation were taken in the U.S. Customary
system of Units. Equivalent values are indicated herein in the International
System (SI) in the interest of promoting use of this system in future NASA
reports. :

A area, square feet (meters2)

a,b direction cosine used in computing thrust component along missile
Y- and Z-axis, respectively, dimensionless

c,d,e moment arm for thrust moment about missile X-, Y-, and Z-axis,
respectively, feet (meters)

CX,O axial-force coefficient at zero flow incidence angle, dimensionless
Cy, normal-force coefficient, dimensionless
CZ@ rate of change of normal-force coefficient with angle of attack,
oC
—2  1/radian
da,
Cy side~-force coefficient, dimensionless
CYB rate of change of side-force coefficient with angle of sideslip,
oC
—41, l/radian
OB
F nominal thrust of one control rocket multiplied by cos 10°
(cant angle), pound (newtons)
FX,cJFY,c:FZ,c control thrust along X-, Y-, and Z-axes for nominal control

system operation, pound (newtons)



Fi,c’Fé,c’Fi,c control thrust along X-, Y-, and Z-axes for restrained con-

FZ,ex
g

IX,IY,IZ

trol system operation, pound (newtons)

extraneous thrust along Z-axis, pound (newtons)

acceleration due to force of gravity, feet/second2 (meters/secg)

mass moment of inertia about X-, Y-, and Z-axis, respectively,
slug-feet? (kilogram-meter?)

control-subsystem internal-veloclty feedback gain, volts/radian/second
control-subsystem acceleration galn, radians/second®/volt
roll-, pitch-, and yaw-rate gain, volts/radian/second

control-rocket position feedback gain, volts/radian

K¢,K9,K¢ roll-, pitch-, and yaw-attitude gain, volts/radian
M Mach number, dimensionless
me frictional parameter, Frictional moment’ radians/second2
Inertia
MX,CJMY,C’MZ c control moment about X-, Y-, and Z-axes for nominal control
’ system operation, foot-pound (newton-meter)
Mi,c’Mi,c’Mé,c control moment about X-, Y-, and Z-axes for restrained con-
trol system operation, foot-pound (newton-meter)
MX,ex’MY,ex extraneous moment about X- and Y-axes, foot-pound (newton-meter)

My
My

a

pitching moment, foot-pound (newton-meters)

o
rate of change of pitching moment with pitching velocity, aMY,

foot-pound [newton-meters 4
radians/sec \radians/second

yawing moment, foot-pound (newton-meters)

d
rate of change of yawing moment with yawing velocity, MZ,
T
foot-pound newton-meters
radians/second \radians/second

mass, slugs
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Vs

X,Y,2Z

X, ¥,2

X5 YEy 2R
Xmr B 2R
Xog

XCP

Frictional moment
Inertia

frictional parameter, 5 radians/second?

rolling velocity, radians/second in equations, degrees/second in
figures

pitching velocity, radians/second in equations, degrees/second in
figures

dynamic pressure, pound/square foot (newton/metersg)

yawing velocecity, radians/second in equations, degrées/second in
figures

thrust of main rocket motor, pound (newtons)
time, seconds

component of missile linear velocity relative to nonrotating earth

along X-, Y-, and Z-axis, respectively, feet/second (meters/second)

missile linear velocity relative to nonrotating earth; feet/second
(meters/second)

speed of sound
voltage input to control system, volts

body axes of missile, dimensionless

distance along body axes, feet (meters)

earth-fixed axes, dimensionless
distance along earth-fixed axes, feet (meters)

center-of-gravity distance from nose, feet (meters)
center-of-pressure distance from nose, feet (meters)

moment arm for control moment about X-axis, feet (meters)
moment arm for extraneous moment about X-axis, feet (meters)
distance of pitch-roll control rockets from nose, feet (meters)
distance of yaw-roll control rockets from nose, feet (meters)

angle of attack, radians

angle of sideslip, radians
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Subscript:
0

Dots

control-rocket rotation angle, radians

roll-, pltch-, and yaw-guidance-error signals, volts

flow incidence angle, radians

pitch Euler angle of missile relative to earth-fixed axes, second in
order of rotation, degrees

reference pitch angle relative to earth-fixed axes, degrees

pitch-attitude-error angle of missile relative to gyro reference
axis, degrees

density, slugs/ft? (kilograms/meter)

roll Euler angle of missile relative to earth-fixed axes, third in
order of rotation, degrees

roll-attitude-error angle of missile relative to gyro reference axes,
degrees

yaw Euler angle of missile relative to earth-fixed axes, first in
order of rotation, degrees

yaw-attitude-error angle of missile relative to gyro reference axes,
degrees

initial value

over symbols denote differentiation with respect to time. Primes

indicate rate-gyro output. The numbers 1, 2, 3, and 4 denote control rocket

number 1,

2, 3, and 4, respectively, as shown in the following sketch:

1

4
Z

Sketch (a)-View looking forward along the X-axis.



PHEYSTCAL DESCRIPTION AND CHARACTERISTICS OF

CONTROL SYSTEM AND RESEARCH VEHICLE

The rotating-solid-rocket control system under investigation was used to
control the attitude of the upper stage of a two-stage research vehicle. In
the flight application the thrust forces of the control system were used to
control the stage to predetermined roll, pitch, and yaw reference attitudes by
using a position- and rate-sensing guidance system to provide the necessary
reference and stability functions. Each system of the vehicle is discussed
subsequently in this section.

Control System

The control system under investigation is an electrical-mechanical-chemical
system which utilizes the thrust of four solid-propellant rockets for control
power. The control system is pictorially shown in figure 1, and schematically
shown mated with the research-vehicle second stage in figure 2. The control
system is compactly designed to occupy a minimum volume which necessitates the
unsymmetrical location of the control rockets as seen in figure 2. The control
system when fully loaded weighs 190 pounds (845 N), excluding power supplies,
and consumes a maximum of 400 watts of power. The solid-propellant control
rockets are bearing-mounted to allow rotation (within *60° of null) about axes
parallel to the Y,Z plane, and are equipped with canted nozzles that direct the
thrust rearward and in planes rotated 10° from the longitudinal plane of the
controlled vehicle. (See figs. 1 and 2.) The control system is geometrically
arranged so that rotation of two of the control rockets produces lateral com-
ponents of thrust and provides pitch controlling moments. Rotation of the
remaining two control rockets produces lateral components of thrust which pro-
vide yaw controlling moments. Roll control is obtained by differential rota-
tion of the two pltch-control rockets and by differential rotation of the two
yaw-control rockets. Thus, all four control rockets are employed for roll con-
trol. With the incorporation of a predetermined program of command signals,
the control system could provide vehlcle spin-up; or with a +180° control
rocket rotational freedom could also supply vehicle retro-thrust. It must be
noted, however, that the system would be capable of performing only one of the
given functions (attitude control, retro-thrust, or spin-up) at any given time.

The torque necessary to rotate each control rocket is produced by an elec-
trical drive motor and is transmitted to the control rocket through mechanical
gearing. A potentiometer, which provides control-rocket position feedback, is
also geared to the control rocket. The control system consists of four identi-
cal and individual loops, each composed of a control rocket, electrical drive
motor, feedback potentiometer, and gearing. The nominal thrust time history for
one control rocket is given in figure 3. An additional feature of the control
system is that the thrust of each control rocket can be reduced at any point
during its burn time. This reduction is accomplished by pyrotechnically
opening a presized port directionally opposite the primary nozzle. The
increased throat area results in a lower chamber pressure and thus an extension
in the control-rocket burn time and a reduction in thrust. This feature could
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be advantageous since it would allow a longer periocd of control or a vernier
velocity capability. (See fig. 3.)

A more detailed discussion of the control system as a unit can be found in
reference 1.

Research Vehicle

The research vehicle employed in the flight experiment is a two-stage
solid-propellant rocket vehicle and is shown in figure 4. The first-stage pro-
pulsion system consists of a Castor E-8 rocket motor and two Recruit motors.
The second stage consists of an Antares (X254) rocket motor (ref. 4) and a
forward-mounted spacecraft. The control rockets and their vulnerable accesso-
ries are protected during the critical ascending portion of flight by four
ejectable fairings. The first stage of the research vehicle is used only as a
booster to place the second stage into a suitable test environment.

Second-Stage System

The second-stage system is the portion of the research vehicle which is of
primary interest. As was previously indicated, only the second stage was con-
sidered to be guided by the control system. A drawing of the second stage with
pertinent dimensions is given in figure 2. The second-stage nominal aerodynamic,
thrust, and mass characteristics are presented in figure 5. The aerodynamic
quantities are based on a reference area of 1 square foot and the Antares thrust
(ref. 4) is for vacuum conditions.

The second-stage system consists of the combination of Antares and the
spacecraft, and the control and guidance systems which are mounted in the space-
craft. A block diagram showing the integration of the individual systems into
the complete second-stage system is presented in figure 6.

A position- and rate-monltoring proportional guidance system was employed
in the research vehicle and was developed under NASA contract (ref. 5). The
guidance system uses two two-degree-of-freedom gyros which provide inertial
attitude Information in roll, pitch, and yaw relative to a reference axis sys-
tem defined by the spin vectors of the gyros. The guidance system also employs
three rate gyros which are fixed in the spacecraft to measure body rates. The
outputs of each gyro and the position feedback of the control rockets are
weighted and appropriately summed to provide error signals to the control sys-
tem (fig. 6). The numerical values and procedure for the weighting and summing
are described in reference 3.

An FM/EM telemetry system located in the spacecraft was employed to monitor
the desired performance parameters and to transmit these data to ground
receiving stations. The system was typical of units employed in sounding-
rocket flight-test research. The parameters monitored by the telemetry system
are:



(l) Roll, pitch, and yaw body rates from rate gyros in the guidance system

(2) Roll-, pitch-, and yaw-attitude error angles from attitude gyros in
the guidance system

(3) Rotational position of each control rocket.
RESEARCH VEHICLE TRAJECTORY AND FLIGHT EVENTS

The research-vehicle trajectory parameters as obtained from radar tracking
data are presented in figure 7. Selected flight events are included in this
figure for reference but a more detailed listing of the events is included in

table I.

There were two malfunctions which occurred in the flight which caused
deviations from the planned test sequence. The first occurred at the time of
fairing separation when only three of the four fairings ejected. As a result
of this malfunction, control motor number 3 was restrained from rotation during
the entire test and, since the fairing was covering this motor, the thrust
force imparted to the vehicle by this motor was essentially zero. A detalled
treatment of the effect of this restraint on the equations of motion is included

in the appendix.

Late in the burning period of the Antares motor, another vehicle malfunc-
tion which resulted in a premature burnout of this stage occurred. At this
time a large disturbance of the vehilcle occurred and temporarily overpowered
the control system. The resulting motion of the vehicle and control system

response 1s discussed subsequently.
RESULTS AND DISCUSSION

Flight-Test Results

Control of the research vehicle began soon after separation of the first
stage. (Control rocket ignition occurred before separation but no command
signals were transmitted until after separation.) This 2.3-second interval
(table I) during which the control rockets were alined at the null position
(fig. 8(b)) and no significant control moments were produced was programed to
allow time for all four rockets to reach the same thrust level before any con-
trol maneuvers were attempted. The control period is divided into two phases.
The first phase, referred to as roll control, began at a flight time of
79.9 seconds (20.1 seconds prior to second-stage ignition); the second phase,
three-axis control, was initiated at 94.8 seconds and lasted the remainder of
the flight. (See table I.) During roll control the vehicle is subject to roll
attitude and rate control and pitch- and yaw-rate control. Later, during three-
axis control, the vehicle is controlled in attitude and rate about all three
axes, roll, pitch, and yaw. A detailed discussion defining the requirements
for this sequencing may be found in reference 3.
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Roll control.- The purpose of the roll-control phase is to reduce any
existing roll rate to zero and to orient the vehicle's attitude to zero in roll.
During this period, the vehicle pltch and yaw rates are controlled to zero;
thus, excessive change in the pitch and yaw attitude is prevented. Figure 8
shows plots of the variation of vehicle attitudes, rates, and control-rocket
rotation angles with time. It is seen from figure 8(a) that at initiation of
the roll-control maneuver, the roll rate and roll attitude were both above the
guidance system limit (*40°/sec for rate gyros, *30° for attitude gyros); there-
fore, they had to be calculated. Roll rate was calculated from the slope of
the roll-attitude curve. Roll attitude was then found by extrapolation of the
attitude curve to the proper time. It should be noted (fig. 8) that insofar as
the output of the roll attitude gyro i1s concerned, an attitude of 1800 is
exactly the same as 0°; 190°, as -10°; 170°, as lOO, etc.; that 1s, the inverse
sine function is double-valued. (See eq. (A27).) At initiation of the roll-
control maneuver, the vehicle had a roll velocity of 75°/sec and a roll attitude
of approximately 92°, With the three control motors rotated nearly full scale,
as at t = 80.5 seconds, a large negative moment was imparted to the vehicle,
and the positive rate was reduced from 75°/sec to approximately zero in 2 sec-
onds. The roll attitude during this time changed from 92° to 180°. At an
attitude of 180°, the vehicle was unstable and the slight change in attitude
brought about by the small residual roll rate resulted in the development of a
positive roll moment and the subsequent orientation of the vehicle to zero
attitude. At approximately 94 seconds, the roll rate and attitude were brought
within 2°/sec and 2°, respectively; thus, the roll control phase was essentially
completed.

Three-axis control.- At 94.8 seconds after launch, the error signals for
pitch and yaw attitude were included in the control-system driving functions
(eas. (A32) to (A35)) to initiate the second phase of controlled flight, three-
axis rate and attitude control. Errors of approximately 20° and -10° existed,
respectively, in pitch and yaw at this time. Control moments along these axes
were produced immediately, and these moments brought the vehicle toward the zero
attitude. From figure 8(a) it is seen that the time required for yaw control
is of the same order as that for pitch even though the initial yaw error was
only one-half that of pitch; this difference arose from the fact that control
motor no. 3, a yaw control motor, was restrained from rotating and, consequently,
from producing any yaw control moments. This lack of control power in yaw
coupled with extraneous pitch moments from the yaw-motor restraint (appendix)
caused the vehicle to overshoot the reference attitude several times before
being stabilized near zero. Second-stage ignition, occurring at
t = 100 seconds, presented little or no difficulty for the control system.
Stabilization of the vehicle near zero attitude about all axes was accomplished
in approximately 7 seconds and was maintained within #2.5° bounds until
131.9 seconds.

At this point the second-stage propulsion unit malfunctioned and imparted
to the vehicle a series of large disturbances. These disturbances overpowered
the control system momentarily and caused a severe disruption of controlled
flight. (See fig. 8(a).) However, the control system recovered the vehicle
from the large initial disturbance and it appears that it would have damped the
motions out entirely had not thrust reduction occurred as planned at 142.3 sec-
onds. This reduction of thrust extended the control-rocket burning time to



approximately 169 seconds. However, since only three control motors were pro-
viding control moments and these motors were operating at the lower thrust level
of 5 pounds (22.24 N) (fig. 3), loss of attitude control resulted.

Analog Simulation Results

After the flight of the Vector research vehicle, an analog computer study
was performed for the portion of controlled flight prior to second-stage mal-
function. This study consisted of (l) simulating the flight motions and atti-
tudes that the vehicle actually experienced, that is, with the control
restraints, and (2) simulating the motions and attitudes as they would have
occurred had the control system not been restrained. To make these simulations,
a set of equations describing vehlcle motions, guidance system outputs, control
system operation, trajectory parameters, etc., were programed in a closed loop
on the analog computer and the various initial conditions supplied from telem-
etry and radar data. The equations for making the simulations noted in part (2)
are the same as those given in reference 3 and are listed for convenience in the
appendix. To make the simulations noted in part (1), these equations had to be
modified to take into account the restraints on the control system. These mod-
ifications are derived in the appendix.

It must be polinted out that because of the impossibility of predicting or
determining the exact time history of some of the parameters of the problem,
and because of errors in assigning initial conditions, an exact simulation in
every detail cannot be made. General trends of motion can, however, be simu-
lated. This simulation was made after the flight, and the results are presented
here as comparisons with the flight results.

Roll control.- Figure 9(a) shows the comparison of simulated roll attitude
errors with the actual flight values. Good agreement was achieved, in that the
simulation follows closely the general trend of the flight data. Time of tran-
sit of the vehicle from one gyro limit to the other is the same in both cases
and stabilization of the vehicle at near zero attitude occurs at approximately
the same time for both cases. Figure 10 shows a comparison between the flight
data and the simulation of the motions and attitudes as they would have occurred
had the control system not been restrained.

Three-axis control.- At a flight time of t = 94.8 seconds, the program was
stopped and new initial conditions were supplied for the initiation of the sec-
ond phase of controlled flight. (See fig. 9(a).) The frequencies and ampli-
tudes of oscillatory motions agree very well, especially in roll and yaw,
although exact coincidence of the curves does not occur. As noted previously,
the overshoots in pitch and yaw arose from the lack of control power in yaw and
the development of extraneous moments in pitch. (See appendix.) If all four
motors had been functioning properly, as in the simulations shown in figure 10,
there would have been no extraneous moments in the equations and pitch and yaw
errors would have been brought to zero very smoothly with little or no overshoot
and would have been held at zero for the entire test. Roll attitude would have
been controlled to within 1° for the duration of the test. Total time required
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for vehicle stabilization would have been about 3 seconds as compared with
T seconds for the three-motor operative case in actual flight.

CONCLUDING REMARKS

A new concept in rocket-vehicle attitude control has been successfully
demonstrated on a space-vehicle upper stage. The particular system under inves-
tigation utilizes the thrust of four auxiliary solid rocket motors for its con-
trol power; control moments about the vehicle axes may be produced by rotation
of the motors from their null position. Velocity control, spin-up, and retro-
thrust can also be incorporated into this system.

Controlled flight of the research vehicle was initiated by capturing a
moderate roll rate accumulated during first-stage thrust and coast, and by
orienting the vehicle in a roll sense to its reference attitude. This maneuver
was accomplished within the aliotted time of 15 seconds even though only three
of the four control rockets were functioning properly.

TImmediately after the stabilization of the vehicle at its reference atti-
tude in roll, the control of vehicle attitudes about the two remaining axes was
initiated. Initial errors in pitch and yaw were reduced in nominal fashion but
the lack of control power from rocket no. 3 allowed the vehicle to overshoot
the reference attitude. Stabilization of vehicle attitudes about all three
axes was maintained within *2.5° of zero until a malfunction of the research-
vehicle propulsion unit imparted large disturbances to the vehicle and over-
powered the control system. However, these motions were being significantly
damped when thrust reduction effectively removed control-system moment-producing
capability. Computer simulations show that if all four motors had functioned
properly, the vehicle attitude for all axes would have been held within +1° of
zero until second-stage malfunction.

Postflight analog-computer simulations show good agreement with data
Obtained from the actual flight; thereby the validity of a mathematical model
of the research vehicle was confirmed, and the feasibility of reliably simu-
lating the flight of space vehicles utilizing this type of control system was
verified.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., December 2, 1965.



APPENDIX

EQUATIONS DESCRIBING VEHICLE AND TRAJECTORY SIMULATION

FOR UNRESTRAINED AND RESTRAINED CONTROL SYSTEM

Basic Equations

This appendix is concerned with defining the effects on vehicle dynamics
of altering in some way the performance of one of the control rockets. In each
of the vehicle equations of motion, the control-system contributions are modi-
fied to account for the restraint on the control motor. Equations from refer-
ence 3 describing the simulation for unrestrained control system operation are

repeated for convenience.

mi - mvr + miq = F(cos 81 + cos By + cos B3 + cos 64)

+ T - mg sin 0 + Cyx 0@A ' (A1)
oW - mwp + mur = -F(sin &1 + sin 83) + Ta + mg sin @ cos € + CYBBEA (a2)
m ~ muq + mvp = F(sin 8, + sin 84) + Tb + mg cos @ cos 6 + CzugEA (A3)

pIx = -F(sin 81 - sin ®3 - sin 8 + sin Su)xp + Te (Ak4)

qly + rpIx - rply = —F(sin %o + sin 84)(xcg - xq) + Td + Mqu

- C7,94A(Xcg - Xcp) (85)

iIz + paly - paIx -F(sin 81 + sin 65)(xcg - xr) + Te + Mer

+ CYBBEA(xcg - Xcp) (86)
=¥
@ == (A7)
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xg = u(cos 8 cos ¥) + v(cos ¥ sin @ sin 6 - sin ¥ cos @)

+ w(cos ¥ cos @ sin 6 + sin ¥ sin @)

(48)

(49)

(a10)

(a11)

(A13)

(a1k)

(A15)

(a16)

(A17)

(A18)

(A19)
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APPENDTX

vyg = u(cos 6 sin ¥) + v(sin ¥ sin @ sin 6 + cos ¥ cos @)

+ w(sin ¥ cos § sin @ - cos ¥ sin @) (a20)
zg = -u(sin 8) + v(sin @ cos 8) + w(cos 8 cos @) (a21)
Xg = JF xp dt + g0 (a22)

t
yE = f &E at + yE,O (A25)

t
zg = L/n zgp dt + 2,0 (A2k)

t
sin 6, = sin @ cos Oy - cos 6 cos V¥ sin Oy (425)
sin ¥, = cos 6 sin ¥ (A26)

sin @ cos 6. = sin @ sin 6 cos ¥ sin 6y - cos @ sin ¥ sin 6y

+ sin @ cos @ cos Op (a27)
& + KoKy - mp = KsVg (428)
ey = Kpr' + Ky sin ¥, (A29)
cg = Kqa' + Kg sin 6, (a30)
cg = Kpp' + Kg sin fc (a31)
Vo, = €y + €g - K58 (A32)
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APPENDTX

Vs, = €9 - eg - Ked2 (433)
V85 =€y - €¢ - K585 (A34)
V), = €g * €g - Kgdy (a35)

The primes over the rates r, q, and p in equations (A29), (A30), and (A31),
respectively, denote body rates less than or equal to saturation value. Rates
greater than saturation value appear as saturation value to the guldance system.
(See ref. 3, p. 15.)

Modifications

The nonejection of the no. 3 control rocket fairing resulted in two
restraints being placed on that control rocket: (1) retention of the control
rocket at the null position, and (2) reduction of the effective thrust to zero.

The following analysis describes the way in which the force and moment
equations for nominal control-system operation must be modified to account for
the restraints on control rocket no. %. Although the analysis is applied to
restraints on no. 3 rocket, it should be noted that the same general conse-
quences would arise from a similar alteration of one of the other motors.

In the equations of motion (egs. (A1) to (A6)) the term F denotes the
component of control-rocket thrust in planes perpendicular to the Y- and Z-axes
of the vehicle; that is, the product of nominal control-rocket thrust and
cos 10°, where 10° is the cant angle of the rocket from the longitudinal axis
of the vehicle.

Multiplication of the quantity F Dy the cosine of the control rocket
rotation angle 8 gives the thrust component of that motor in the direction of
the vehicle's X-axis. For nominal operation of all control motors, the total
thrust in the x-direction due to the control system is:

Fy o = F(cos ) + cos Bp + cos 83 + cos 54) (A36)

With motor no. 3 restrained from any rotation and from thrusting, equation (A36)
becomes

1

Fy,c = F(cos &1 + cos By + cos By) (A37)
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APPENDIX

Multiplication of F by the sine of the rotation angle of a control rocket
gives the thrust component of that motor in the lateral direction. For nominal
operation then, the total thrust along the vehicle Y-axis is:

Fy o = -F(sin 83 + sin 83) (a38)

(The minus sign 1s inserted to insure that rotation of the control motor will
give a thrust component in the desired direction.)

If motor no. 3 is restrained from rotation, equation (A38) becomes simply

Fy,e = -F sin 8 (439)

The total thrust in the z-direction is, for nominal control system
operation,

Fy o = F(sin 8 + sin 8)) (ALO)

With the restraints on motor no. 3, there is an additional force in the
z-direction given by:

Fz,ex = (F1)sin 10° (Ak1)

(See sketch (b).)

The multiplication of the lateral thrust of a control motor by the roll
moment arm Xp gives the contribution of that motor to the total moment about

the X-axis. For nominal operation of all four control motors, the total roll-
control moment is:

My o = —F(sin 8] - sin 83 - sin 8 + sin 64)xp | (Ak2)

,C
With the restraints on motor no. 3, the total roll-control moment is:

Mk,c = -F(sin 81 - sin %o + sin 84)xp + ngp' sin 10° (A43)

16



APPENDIX

Because of the offset geometry (sketch (b)), the thrust of each control
rocket produces a moment in the roll direction; under nominal conditions, these
moments add up to zero

My ex = Xp' (-Fy + Fp - F3 + Fj)sin 10° = 0 (Akk)
but, for Fz = 0, equation (Akk) becomes

1 N
My ox = Foxp sin 10°

Fl sin 10
l ¥-| ™~

1
|

i |
FlL sin 10° —E—————l—-——
! } *p' ¥
———————— %‘ F2 sin lO°
2

as in equation (AL3).

2 |

. o)
F3 sin 10
Sketeh (b) - View looking forward, along positive X-axis.
The total pitch-control moment for nominal control-system operation is:

My o = -F(sin 8o + sin 5&)(Xcg - xq) (a45)

sC

N



APPENDIX

The restraints on the control system result in the development of an extraneous
moment in pitch which must be added to equation (A45). This additional moment

arises from the imbalance between motors nos. 1 and 3 (as shown in sketch (c))

and is given by

MY,ex = -F; sin loo(xcg - Xr) - Fyxp cos 8p cos 10° (ak6)
X
Motor 1 *p Motor 3
— |
F; sin 10° I id F5 sin 10° = 0

T
|

o]
10 xcg - X . Fj -0

o
F1 cos 10° cog &, FB cos 10° cos 85 = 0

- ~N
-~
center
of gravity z
Sketeh (c)

With the yaw control motors functioning properly, the yaw-control moment
is given by:

Mg o = —F(sin &1 + sin 65)(Xcg - Xp) (A47)

When motor no. 3 is not free to rotate, this equation becomes simply

Mé,c = —F(sin 61)(xcg - Xr) (A48)

18



APPENDIX

To make the simulations presented in this report, the thrust and rotation
angle of control rocket no. 3 were considered to be zero. The complete equa-
tions describing the vehicle simulation for this modified system are

mu - mvr + mwg = F(cos 83 + cos 8, + cos Bh) + T - mg sin 6 + CX’dEA (A49)

mv - mwp + mur = —F(sin 81) + Ta + mg sin @ cos 6 + CYBBEA (a50)

mW - mug + mvp = F(sin By + sin 84) + Fq sin 10° + ™
+ mg cos @ cos 6 + cZagEA (a51)

pIx = —F(sin 81 - sin 8 + sgin Su)xp + szp‘ sin 10° + Te (a52)
éIY + rply - rply = —F(sin &, + sin 84)(xcg - xq) - F1 sin loo(xCg - Xr)
- F1xp cos B3 cos 10° + T4 + Myqq
- Cz0aA(Xog - %op) (a53)
fIZ + paly - pqly = —F(sin 61)(Xcg - Xr) + Te + Mz r

+ CYBBEA(Xcg -~ Xep) (A5k)

19
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TABLE I.- SEQUENCE OF FLIGHT EVENTS

Event: : Flight time, sec

TOPQUE ZYTOS « o o o o o o o o o o o o o o o o o o o o o o o o o o =4.h
Tgnition of Castor engine . & ¢ ¢ ¢ o o o o o o o « o o o o« o o o
Ignition of Recruit engines . ¢ ¢ &« o o o ¢ o o o o s o o« o o o o
Burnout of Recrult engines . « ¢« +v ¢ ¢ ¢ ¢ o o o o s o o o« s o o o
Burnout of Castor englne . . ¢« « ¢ & ¢ o 4 @ 4 o o o ¢« o o o o &
Ejection of fairings . . « « ¢ o v v ¢ @ v 6 6 4 o e 6 s e o s s
Alinement of control rockets . . . . . & v ¢ ¢ o 4 ¢ 4 4 e s e e s
Ignition of control rocketsS. v v « o ¢ o o o o o « o o « o o o o
First-stage separation . . . . ¢ ¢« ¢« & & 4 ¢ ¢« 4« 4 o e e o o o o .
Roll control initiated . « ¢« ¢« & ¢ ¢+ ¢ & & v ¢ & o o « s o o o o «
Three-axis control initiated . . . « ¢ ¢ o ¢ ¢ ¢ ¢ ¢ ¢ o« o o o o &
"Ignition of Antares engine . . e e e e e e e e e e e e e e
Malfunction and burnout of Antares engine . . . .« ¢« 4 e e 4 W
Reduction of control rocket thrust . . . + « ¢ ¢ ¢ ¢ ¢« ¢ v ¢ o o &
Burnout of control rockets « « v ¢ 4 ¢ ¢ 4 e 0 b e e e e e e e . . 168 6
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Electrical drive motor=
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INCHES

Yaw-roll control rockets

L-65-9036

Figure 1.- Photograph of control system. Numbers designate control rockets.

22



66.25" 1
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(1.525 m)
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Front view .
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z

Figure 2.- Research-vehicle second stage. Xcg is measured relative to theoretical nose.
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With thrust reduction e ‘
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Control-rocket burn time, sec

Figure 3.- Nominal thrust time history for one control rocket.
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il

Ejectable fairings
covering control rockets

Figure 4.- General configuration of research vehicle.
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Figure 5.- Research-vehicle second-stage aerodynamic and
physical characteristics.
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Control subsystem

Control

Control-rocket

dynamics

Control-rocket

rotation
commands
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Guidance subsystem
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-« Rate errors
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Second-stage vehicle
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Vehicle
dynamics

Measuring

unit

Reference
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Figure 6.- Block diagram of main elements of second-stage system.




Altitude, ft

.48 % 10° . | _ L - - F - w16 x 10°

- +1340

WL 4 b 1l 41 .. 1 . L/ 1 .
%‘Control rocket

I . - B thrust reductior,
t = 142.3 sec

.36 — -+ A e = — 7 1-1098

.28 l—“ — 4 —AJ _—tt—t— ——1.085

Three-
24 i i initiated, \94.8 sev.

/ Lo I
— - A Roll control initiated ,
t = 79.9 sec
) )) | 1 1 1 ! !

C'nirul-r.c4et ignitirn,
v = 77.6 sec

L0732

-0610

sI818W ‘apnyTATY

— .0488

.16 /_ SN AU GO A 1 .

S - -1 = {.0366

1z R -t

o8 /J_ N R I (S B SO L - L 0244,
0 I S S B A

Bt El S SR AR .01z

0 .04 .08 .12 .16 .20 .24, .8 x 1

Horizontsl range, ft
0 .0122 0244 L0366 .0488 .061 073 L8854 x lOc
Horizontal range, meters

(a) Trajectory in space.

Figure T.- Research-vehicle trajectory parameters.



Velocity, ft/sec

8 x 10°.32

Altitude, ft

.48 x 10

.36

.28r7 —

N
>~
|

N
o

T p——

L/

L1463 x 106

21340

=.1220

.1098

.0854 £.130

.0732 1.830

=3
I
o
PSR pa— —_— —— 1 .0610 24 1.525
Qa
N
- /| [ B N
8
\ &
3
Altitude | 4 | [ I 0488 © 1.220
Velocityj _ ;. — -

\R , 1 L0366 .915

L] ]

0 ) ? 1 - L0244 .610
) - | | L0122 .305
40 60 80 100 T o ° ©

Time from launch, sec

(b) Variation of velocity and altitude with time.

Figure T.- Concluded.

.0976 2.44 x 10

oes/savqeu ‘£3T00T8p

3

31



(008 €£2¥T)‘uotsonpa

48NIY7Y 38)00=T 01300

(295 £°I€T)
“3noudnq pus

uot3dunJTew a3vqs-pucoes

(208 gr001) g

‘ucTiTudy eduge—puodsg S

(208 9°76) ‘pareripuy
T0d3U0> SPNYTIIR FIXB-33IYY

1
|

|
i
|
|
!
|

o
©
g
]
8
b
-
———— e ——————————— e %
2
e o
= ©
R ml; ——
e f\ =2 -
g
S 7 AT 3
. (208 676L) ) I B
PAIETITUT Tojuod TToy g b4

(203 9%61) M\\\

*uot3uaedes eBe3s-pucoag — -

(908 9-41)

——

“90T3TuIT 10%003~Tod3u0) — |

30

20

10

- 0
-10
=20
-30

20
10

Q
°© 3 & R g ° 2 8 R

1 1 ’ T I v
op 3 oas/8ep ‘b

Time from leunch, sec

and r with time.

¢e; P, L
Figure 8.- Flight results as obtained from telemetry.

B¢s

(a) Variation of 4V,

32



8y, deg

by, deg

63, deg

54, deg

%
- - o
o o - 2 ~ =) —
g 2 3 g7 8 e >
o 2 + O 0 o o 2 o
4 § 3 o ® 2 g 53
5 & 3 g g q 3
<& 3 R - ] -4
<o o - Lo E -
2o —~ peih ) 2~ °
Mo o~ 2o pey ho @ A @8~
52 B9 98 T &8 R o
0w @O Lo 5 + @ g a -]
L pu S o @ =) 2 28
NIRRT = o o > 4 Ho £
A 10 0y 5= g9 1B OB
O~ o ot —~
£~ 3 g pe| 2 Tua ? 3
g2 §E 4L b z §EQ 3
2 Qe =t o E ; o~ -‘E 2
§ & & A7 : & 3
| Ll % | 1bo 10 120 130 uo |
! |‘ ‘ 1] | P Vol
| . ! [ ]! |
| ‘ | | . [
| | | ! I
! [ |
. ! | '
&0
o } o Y . n '
L o l
0 Al L ‘\ ! L Lo Py T M| el
e et I 5 ‘\,o\
6o Ll
\ \
! | W
¥ 1
f
PO e camt VUL OOV 00, W =
i \
T ——
I
.
|
[ | B
I b
, , : ) !
© .
L + 3 restrained
rotation
Q [
60 ' . B X
g | | " Lt . o
. o I ' ] 7 1 : [l
. , !
LY etry limited
- 0° range.
o Rul W 2 (N T} L, : ‘
M L ! I [dn e I AT~ P T 7
] | " -
: 1 . T
I I ik ‘
80 9% 100 110 120 130

Time from launch, sec

(b) Variation of 8y, &p, 85, and 8 with time.

Figure 8.- Concluded.

33



(285 0*00T)
SuoTatTudt o8ejs-pucosg EE
= == — — = = e e = === e H—=3
= g : = : =——=== ==
= &t oo o e .ﬁ‘ : == == — =
(008 g-76) ‘poreTaTUT = = = e e
TOIU0D SpNITYIe STXB-SAIYL =3 MWm — e == == ST S
= =] == — e e BT ==
= _ = == g =
= =t — R § e == m
= =% o = = =
R =E=== IH% e == B = === e
== = i e s em N == ===
Eo= e gz == e =]
=== = b ==
E== - .-
i = == = B = = £ = =
Ey E = == == 2 = === s=aaiie—
N = ®E 8 == i FE ==
£a == F====- SE 3 === BEF—rg=
. (008 66r) = =7 W ¥ = LE EF—
POYBTATUT Tod3u03 TTOH Io_ = = = 3 m =
= <
s i — ==
(998 9-eL) ST = == e " =
tuotquasdes efeqs—puoosg I m.m.m Iﬂ. e mﬁn == 3
(988 9°LL) EE = BT e == = s
fnoTTudT 4ex00I=T0I1U0) = = - Sn==sne e 5 =
= inas ! g Tt v
= & 3
Q o 9 o g
noeA T8 R 8 8 ° 3 g ° 3
moamm« BoTsuy BoTBUY
o o o Bop °p Bap “%g Fop >4
& & 8 % % % & 8§ © g 8§ Q o g
T b
BTTd YBTTd wsta |
Fop 3y op .wo 2op 74

- R e

8c, and @ with time.

restrained control system.

Time from launch, sec

(a) Variation of Vg,
Figure 9.~ Comparison of flight results with analog simulations for

3k



(235 0001}
‘uot3tudy aBes-puoces

(098 8°76) ‘pasriTUT

™

110

"

==

boiad,

(=

=)

N

£\

T

T049U00 SPNYTIIR STXB~BIIYL ——

Y

)

oy

110

Time from launch, sec

with time.

and T

a,

(b) Variation of o,

Figure 9.- Concluded.

35

(995 6°6L) - p— ‘ u
tPateTHTUT Toauo0 TToY T " :
as M m N - I
(998 g6L) w‘ N
tuotqe.tedas edejs-puodag E -
{oes 9°LL) — - :
o4 TUST 36700I-T0IIU0D & : :
o
T ' ! otsuy
T1d oTBU
2 3 198TTd F— sy
umm\ww “ umMVMMM d 298/8sp ‘b 295/39p ‘b 28s/89p ‘1 205/80p 1



(22s 0-001)
‘uotqTudT 9F8vis-pucosg

(098 6°6L)
‘P938TATUT ToJ3u00 TToY
(228 9°6L)
‘uorqeaedes 888q8-pucoeg
(098 9°LL)
fwoTqTUST 18300I-T0I3U0)

Y

L

iAttitude gyro signal grounded

Attitude gyro signal grounded

Botsuy
Sap %
R & § © m w % 8 3 °
W31 BTTd
Sep nw& Fop .mo

<
=1
1

120

110

Time from launch, sec

8., and @B, with time.

(a) Variation of W,

wlations for

im;

Figure 10.- Comparison of flight results with analog s

unrestrained control system.

36



R

120

(298 0°00T)

[
|
|
|
a X
- i ~
tuogqTudt 93915-pucosg _ K P| \\v -

100
M,

N

/
/('“Mw" B e e
AT o

(098 g-76) ‘permTITUT ki
TOI3U0d BPN3TIIR STXB 88IYL ™

L . Pl w\ B

oy LIS

J S PR

\

(385 66L) —
$p998TITUT TOI3U0D Tiod |l_ e
al

[~

e 3 5
{29 9 4L} B! £
tnotqeTedes a8a3s-puoseg — 2 - © -2 [l z =
(995 9°44) o g 53 8]
‘woy3Tudt 9eo0I-ToaImOd T R i Lz i i m
< E— 3 —
i
| % - o 5
T &8 ° .m r_(v F R T =2 ¢ = w ww 3 2.2 2 7 2 3 82 ° 2 7 2 ° 2
[l ' Ll ' i 1
3T RoTauy 20811 Soreuy qufI1d Sorsuy
oss/3ep ‘d des/3ap “d oss/Fp ‘b 9ss/3sp ‘b oas/88p ‘a oes/3ap ‘1

37

110
and r with time.

100

a,

Time from lsunch, sec

Figure 10.- Concluded.

(b) Variation of p,

NASA-Langley, 1966 L-J+58)+



“The acronautical and space activities of the United States shall be
conducted so as to contribate . . . to the expansion of human knowl-
edge of phenomena in the atmosphere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
of information concerning its activities and the results thereof.”

—NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS

TECHNICAL REPORTS: Scientific and technical information considered
important, complete, and a lasting contribution to existing knowledge.

TECHNICAL NOTES: Information less broad in scope but nevertheless
of importance as a contribution to existing knowledge.

TECHNICAL MEMORANDUMS: Information receiving limited distri-
bution because of preliminary data, security classification, or other reasons.

CONTRACTOR REPORTS: Technical information generated in con-
pection with a NASA contract or grant and released under NASA auspices.

TECHNICAL TRANSLATIONS: Information published in a foreign
language considered to merit NASA distribution in English.

TECHNICAL REPRINTS: Information derived from NASA activities
and initially published in the form of journal articles.

SPECIAL PUBLICATIONS: Information derived from or of value to
NASA activities but not necessarily reporting the results -of individual
NASA-programmed scientific efforts. Publications include conference
proceedings, monographs, data compilations, handbooks, sourcebooks,
and special bibliographies.

Details on the availability of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

Washington, D.C. 20546



